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l 57 l ABSTRACT 
A method for making a partially radiation hardened 
oxide comprises forming a first portion of an oxide layer 
on a semiconductor body of material at a temperature 

fT,^ 0 ^ 95 °° C ™ d 14009 C " Preferably between 
about 1000' C. and 1200' C. Thereafter a second po" 
toon of the oxide layer is formed between the semicon- 
ductor body and the first oxide layer at a temperature 
between about 850° C. and 900' C. f preferably at about 

16 Claims, 6 Drawing Figures 
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METHOD FOR FABRICATING A RADIATION V J£^ T r f * 8nd ■ oco « to « with the i„- 
HARDENED OXIDE HAVING TWO PORTIONS he firSt P 01110 " 2Qx of '"seating layer 20 is 

grown m an oxygenating ambient, such as steam or dry 

BACKGROUND OF THE INVENTION 5 oxygen ( ° 2) - with the ^dy 12 and the steam or dry Oi 

method for making a radia ion hTrdeneTSev ice i™, ?n? Wh ' Ch 1,16 thickness at the corneis 200 ^d 

porating such an £de .ocated a d^ m a 'edgt ^ ^Tt^Tl^ " ^ "*« 
It u known that a silicon-on-sapphire (SOS) metal 10 M Ji.l f h ^ Tk , Mf * Wh,le ,he "PP" te «nperature 

oxide semiconductor field effect transistor oSoSFeS Zl im ? r t me ^. point of silicon ' In P«**«. ■ 

with a gate oxide insulating layer grown ^ a steam Z h 5 ^ ^ C " USUa " y chosen 10 ensu ^ 
ambient at or below about 900" C. is at least partially . P 0 "* 0 " 2ftr has a "ntform thickness, while an 

radiation hard, i.e. changes in the gate threshold voltage T ^ ' ,0 °' C is usually chosen if "earn 

are reduced after irradiation by gamma rays as com- 15 ,, a " d M u PP er Iimit of a b°ut 1200* C. is 

pared to a MOSFET that is not radiation hardened. i V Cb0Xn if dry ° 2 is ^"ient, since above 
However, it has been found that oxides grown at these temperatures the portion 20* forms too fast for 

temperatures on a silicon mesa are thinner near the mesa accurate cont ">! of the thickness thereof, 

edges than at the center thereof, thereby lowering the ,„ , ft ,' eafter 85 shown in FI °- 5. the second portion 

breakdown voltage and increasing the tunneling current 20 ^ of ,ayer 20 is forn, ed by reducing the temperature of 

ot the oxide. Oxides grown at higher temperatures are the body U 31,6 a mbient to between about 850' C 

"?°£? e ^ Iy 0f uniform thickn «». see R- B. Marcus et and 90 °" c - Preferably at about 875' C. It has been 

•I. The Oxidation of Shaped Silicon Surfaces", J. Elec- found ,hat « these temperatures oxidation in a steam 

^ ™f h 00 " V 1 l U9 ' ( ^ Une ,982) ' P a « es 1278 to 25 ambi ^^ bUt n0t to °>' P f0duces «diation harde^ 
ttehJ^ reduce f ,he tunneLB 8 current and increases 25 , m 8- Bd ™ a °°»t 850' C. forming portion 20, takes too 
The breakdown voltage as compared to oxides grown at Ion & while above about 900' C. the portion 20v is no! 
£ J° h emP K?T S f ° r 8 # Ven thickness at « he radiation hard. During this forming step thT water 

ra e dtion U hid h ** * BV ~ mK ^ » kta ™ " 0t **~ ^ *° P°*°» 2\o the u'yer 

3Q 12 to form portion 2Qy disposed between layer 12 and 

SUMMARY OF THE INVENTION POIt, ° n 2Qx T yP icaI] y portions 2G> and 2Qx have thick- 

1200" C, and forming a second portS o/Sd ox^ tTon'h ri ^ rBUlt * ,ayCr2 ° « ™ dia - 
layer between about 850' C. and W C , preferably a! S^SS?? ? """"•f l ° 0Xide ^ 8 rown ab ° v e 
875" C, said second portion being dispoLd adtcen it IT ■ ? 2* * ^ ^ ^J 66 "' the 
said body. 8 P 0560 aa J acent con-Si0 2 interface where radiation hardening is re- 
„t, t,,^ ~ 40 1 uired - Further, since most of the thickness of lavw in 
BRIEF DESCRIPTION OF THE DRAWINGS » of portion 20, of reladvelj M^^cta 
FIG. 1 is a cross-sectional view of a device made in t 20 *&> ha « relatively uniform thickness. There- 
accordance with the invention; and Iore ' ,ayer 20 has a relatively high breakdown voltage 
FIGS. 2-6 are cross-sectional views of said device a* an ?. re ! a ^ ve ^ sma ^' tunneling current as compared with 
during sequential manufacturing steps. ox,de e ^»rely grown at between about 850* C 

DETAILED DESCRIPTION OF THE £ *" °" ** ^ ^ ° f thiCb,eSS " *« 

PREFERRED EMBODIMENT The remaining steps are conventional. In particular, a 

MO. 1 shows an insulating substrate 10, such as sap- 30 P 0, y si),con lav er is deposited and defined to form the 
phtre (AI2O3), havbg a mesa-shaped P--type conduc- f a,e 22 as shown "> FIG. 6. Thereafter, an N-type con- 
tivity epitaxial silicon body of material 12 thereon. A ductivity dopant, such as phosphorous, is ion implanted 
device such as a MOSFET 14, is disposed in the body 85 show " >>y arrows 28 to form the self-aligned source 
w type conductivity source region 16, and drain regions 16 and 18, respectively of FIG 1 and 
an in type conductivity drain region 18, a gate insulat- 55 to improve the conductivity of gate 22 The MOSFET 
mg layer 20, such as silicon dioxide (Si0 2 ), disposed on 14 » then annealed to activate the implants at a tempera- 
EniiJr* 1 8816 }' SUCh " l^'yco-stalline silicon ture equal to or below the temperature at which portion 
(polysuicon), d.sposed on layer 20. In accordance with ™» h formed. Then glass (not shown) b derated Nmd 
he invention, layer 20 comprises an outer first portion reflowed, contact opening ^(not ita) ftSStoff 
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EXAMPLE NO, 1 forming a second portion of said oxide layer in a 

Three groups of capacitors, i.e. the structure of FIG ~ «$? ^SnT^T" 85 °' 

1. comprising substrate 10 (formed of bulk sUicon for b£t?L^ **** 

C L^ r H 6r0UP ^ 3 n °rf yef 20 er ° Wn al 1 ,00 ' 3 " ^ method of c,airo t wh«Ei said second por- 

C, the second group had all of layer 20 grown at 900' tion has a minimum thickness of about 10 nm 

C, and the third group had portion 20.: grown at 1 100" 10 4. The method of claim 1, wherein said second recited 

C. with a thickness of about 53 nm and portion 20, forming step is performed at a temperate o aboul 

grown at 900* C with a thickness of about 17 nm. TTien 875' C temperature ot about 

the capactors were irradiated. Thereafter the capaci- 5. The method of claim 1, wherein said body com- 

tors were tested by measurements of capacitance versus prises a silicon mesa disposed on an insulating substrate 

voltage for the inversion voltage thereof, which essen- » and further comprising: 

ra^ c ^[ res P° nds to the threshold voltage of a MOS- forming a gate on said oxide layer and 

FET. The inversion voltage of capacitors from the forming source and drain regions in said mesa adia- 

second and third groups were essentially identical for ^nt said gate. 

radiation doses up to 1 Meg Rad. This shows that a 6 - The method of claim 5, wherein said step of form- 
layer 20 formed of two potions at a high and a low 20 m S ^ gate comprises depositing and defining poly, 
temperature respectively has the same amount of radia- crystalline silicon. 

tion hardness as a single temperature formed layer 20 . 7 - 71,(5 method of claim 5, wherein said step of form- 
when the single temperature is equal to the low temper- m S source and drain regions comprises ion implanting a 
ature. The capacitors from the first group had inversion conductivity modifying dopant 
voltages four times greater than those from the second 25 . 8 ' ^ method of claim 1, wherein said first portion 
and third groups for radiation doses of from 300 Krads *** a thickn ess of about three times the thickness of said 
to 1 Meg Rad. Therefore the single higher temperature second P ortion - 

formed layer 20 had a lower amount of radiation hard- 9 A metnod for making a radiation hardened oxide 

ness than either the single low temperature formed la yer comprising: 

layer 20 or the two temperature formed layer 20 30 formjI1 £ *>y thermal oxidation a first portion of said 

pv a x*PT u mo * u Hde layer ° n a siIicon bod y at a temperature of 

EXAMPLE NO. 2 between about 950* C. and 1400* C; and 

Three groups of capacitors were fabricated identi- forming a second portion of said oxide layer in a 
cally to those described in Example No. 1 except that steam ambient at a temperature between about 850° 

the thickness of layer 20 was about 60 nm, the second 35 C ' and 900 ° C "' said second portion being disposed 
group had layer 20 formed at 875° C, and the third between said body and said first portion, 

group had portion 20> formed at 875* C. with a thick- ^ method of claim 9 > wherein said body has a 

ness of about 15 nm. The breakdown voltage for the ^ em .P eralur c of between about 1000* C. and 1200° C 
first, second, and third groups were 8.5 Megavolts « tT 8 T ? ld ***** f 0nning ste *>* 
(MV)/cm, 7 MV/cm, and 7.7 MV/cm respective! v * "-The method of claim 9, wherein said second por- 
Thus the two temperature formed layer 20 has a brea£ ^ ™ mmi ™T ™J*»« of about 10 nm. 
down voltage that is closer to the single low temoera- 1' r m ethod ° f cIaun 9 * wherew ^ second re- 

ture formed layer 20. Further, the tunneling currenVfor ^ " P"**"* at a temperature of 

the third group was about 500 times less than those of 45 it iZ m^rf f 1 • « u - • 
the second group. Therefore the two temr^rature nn^?*~ 5 ° f J™ * bod y com- 

formed layer 20 has a lower tunneling curr^Xn £e ^^SST^ °" " "* 
single low temperature formed layer 20. lunner comprising. 

The present invention is applicable not only to a * g * 0,1 J"? OXlde ***** md 

MOSFET formed on SOS, bufto any 5SJtofarSj 50 ^XSL *"* ^ fa "* meSa 

?ot^s^ fo^rr of ciaim ? wherdn - id ** * 

What is claimed is- « r * method of claim 13 ' where "> step of 

between about 950° C and 1400° C; and 60 ' * ♦ * * * 
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ABSTRACT 



This invention includes a novel synthesis of a three-step 
process of growing, depositing and growing Si0 2 under low 
pressure, e.g., 0.2-10 Torr, to generate high quality, robust 
and reliable gate oxides for sub 0.5 micron technologies. The 
first layer, 1.0-3.0 nm is thermally grown for passivation of 
the Si-semiconductor surface. The second deposited layer 
which contains a substantial concentration of a hydrogen 
isotope, such as deuterium, forms an interface with the first 
grown layer. During the third step of the synthesis densifi- 
cation of the deposited oxide layers occurs with a simulta- 
neous removal of the interface traps at the interface and 
growth ot a stress-modulated Si0 2 occurs at the Si/first 
grown layer interface in the presence of a stress- 
accommodating interface layer resulting in a planar and 
stress-reduced Si/Si0 2 interface. The entire synthesis is 
done under low-pressure (e.g., 0.2-10 Torr) for slowing 
down the oxidation kinetics to achieve ultrathin sublayers 
and may be done in a single low-pressure ftirnace by 
clustering all three steps. 

6 Claims, 1 Drawing Sheet 
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S ^n^^^ ETH ° D F ° R FORMING A energetically favored sites such as heterogeneities created by 

UNIFORM FHIN GATE OXIDE LAYER localized contaminants, ion-damaged areas, dislocation pilc- 

. "P* an<J other defect areas on the silicon surface resulting 

1 bis application is a Divisional of prior application Ser. from retarded oxidation in these sites. The pores grow 
No. 08/848,109, Hied Apr. 28, 1997, now U.S. Pat. No. 5 outward as oxidation continues to consume silicon around 

6,025,280 to David C. Brady, el al. 'Die above -re fere need mc P orc - nilhS > a network of micropores usually exists in 

Patent is commonly assigned with the present invention and Si0 :- The micropore network forms potential short-circuit 

is incorporated herein by reference as if reproduced herein palhs for cuffus ional mass transport and for current leakage, 

in its entirety under Rule 1.53(b). In addition, the stress within a SiO, layer, often accen- 

xr^uxn^Af ™ ^r- -^r 10 tl !f ted by com P Jex device geometries and processing, usu- 

TECHNICAL FIELD OF THE INVENTION ally increases both the size and density of the micropores. 

Hie present invention is directed, in general, to integrated ff V " l0pin8 ? icIcclri <* ullra-low D„ 

circuit fabrication and, more specifically to a svstem and ^ *?° Uld lhC iml,al °« b ° rCdUCCd ' but also ,hc local 

method for forming a uniform, ultraihm gate oxide layer on str ^^ 6 ^ "™ *c Si-^iO, interface should be 

a semiconductor substrate " red "ced by providing a stress-accommodating layer, such as 

an interface (between grown and deposited layers) within 

BACKGROUND OF THE INVENTION tne dielect nc that acts as a stress cushion and defect sink. 

a. m ^ t i i i / Tn c above-mentioned problems become even more acute 

',, ;' " l l ,'- ,, " as . 0, 1 l ,L Mns i]cVM * M with ullrathin gate dicleclrics (c.«., less than 7S nm) 

tS, iS» Src^r^^Tcf^ however,, he abole^scu^dccav^aooi 

A t . ik ii .u- i r . ,. . . ^iwwwiu^,. 25 nesses jess man /.:> nra. J he main reason for this is that n 

As he overall thickness of ,he gale < .elect™ gets ul.ra.hin lhc conventional 3-s.cp stacked process, the S O is arown 
(e.g.. let* than 7.5 on.), the quah.y ol the oxide (e.g., Si0 2 ), in pressure s of one atmosphere or greater In *m condor 

itf ::ssc;::;; srr where r sL ^V^™^ 

= in.heS^ 

thermal expansion rn.sm.tch between s.l.con substrate and grown qui ,e rapidly and one can grow the frs. Jown hver 

^k^^v^zjs^^^ * r b« hj ^ 

rur.can a.ta.n such low , V l.e S,N, JiC^iu'icon , ^b^^^ 

c d' w h'° n n ,'H.wever, Ls invariably ..so- oxide lhicknest o( - |0 .„ „ m fe or grealer 1 Z'^s^ bit n 

layered d.electncs are unstable as gate dielectrics in n thickness, which is unacceptable 

advanced complementary metal-oxide-semiconductor c„r.h«™ r , 

("CMOS") integrated circuiLs, because the interface state <t££Z^£^ ^ ? "V"** 

m,,v cause chargc-induccd shift in the threshold vol.aoc and ^ * , 7 h ^ , * °, '° ** h °' 

can , Cucc the channel conductance during operation ^ ,w , ( 7 f? ada ''° D ""^ ,S a,S0 We " 

t-> . . fc i wauwM known. It is believed thai this efficiency degradation is 

To overcome this problem, the concept of stacking .her- « caused by defects that are generated by h^cu e flow 

n,a,ly grown and chem.cal-vapor-deposited ("CVD") SiO, lh rough the dev.ee. I, is beLved L fhlse de c sta^ 

('I >1 n TT" m U Pa ,'-, NO - ? 5K V° redUC6 ' he mM]ii y and ,ile,inle o f ,he -^e and uL 

Lee foV nun „L - * .nco-por..ed he«,n by reler- degradation of the device's performance. In most cases, the 

s,^d Z !?su n nTj , ' ,C COnl P° S ' ,C S,ack ' S ««bsi n .c con.pri.ses silicon, and the defects are though, to be 

s.zul by a 3-stcp grow-<lcpos..-grow technique wheretn the „ caused by dangling bonds (i.e., unsaturated silicon bonds) 

growng steps are conducted a. pressures equal to or greater ,ha, introduce states in the energy gap, which remote cha 2 

. an one atmosphere. 11lc .nicrf.ee between the grown and carriers or add unwanted charge c rriers ET^evte 

Ue n S.O -S ,N, structures (..e., .1 reduces the D„ by occur primarily al surfaces or in.erfaces in the device thev 
^'-'-7»^'"'-face). Moreover, the 5J abo are though. ,o occur a, vacancies, mic opor^ 
...icrtace traps ,„ stackec ox.de structures that can be dislocations, and are also though, to be associated with 

. ed S,0 : layer, unlike the S. 3 N„ him, ,s Iransparen. to gling bonds, a hydrogen passivation process has been 

^ac T^' g v ,CC1 T ° ■ C 7 " lr T P ? rlS " 1C "' " y diirUSi " n) - ThiS ad °P lcd and has bccomc a well-known and esfolE 
s aekmg concept can be appl.ed to any cr.mpos.te dielectric m practice in the fabrication of such devices 

.structure with similar results as lomi as the ton deposited i« ,u , i,. i - ■ 

dielectric layer is transparent to the oxidmn, spec s J r ° „ . T*? T™ 1 ™ pr0t f S " 11 15 ihou ^ { ,hi " lhe 

A r . ■ , ., . ' b s l lccits - defects that affect the operation of semiconductor devices 

ii„n, Th r J ° r i T C0 1 m " buUn 8 10 defccLS in conven - are removed when the hydrogen bonds with the silicon at the 

uonal th.n-ox.de gate dielectrics are growth-induced dangling bond sites. While the hydrogen passivation process 

micropores and ,n r.ns.c stress w.th.n the oxide layer. Tlx 65 eliminates the immediate problem associated with .best 

micropores arc 1.1) nm to 2..> nm m diameter, with an dangling bonds, i, does no', eliminate degradation pernTal 

average separat.on ol about 10.0 nm. The pores lorn, a. nen.ly because the hydrogen atoms (ha. are added bv the 
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nr,ssiv,,i,,n process can he "desorbed'- or removed from ihe 
previous danghng bond si.es by radiation or by .he C 

earner cticcl. 

A hoi carrier is an electron or hole that has a high kinetic 
energy thai « unpaged to it when voltages are apphed to .he 
electrodes of the device. Under such opera.ing condi.ions 
Ihe hydrogen atoms, which were added bv Ihe hvd Zn 
pass,va,,on process, are knocked off bv the ho, elecirons 
and result ,„ aging or degradation of Hie device's perfor- 
mance. According to established theory, this aging process 
occurs as the result of ho, carriers s.imula.ing ,he dtsorp.ion 
ol hydrogen from the silicon substrate's surface or SiO 
■menace. Hi is ho. carrier effec. is particularly of concern 
with respect to smaller devices. 

Accordingly, what is needed in .he art is a stacked-oxide 
process .ha. provides ga.e dielec.rics having ,| )ic kness .nan 
10.(1 nm and. more advantageously less than 7.5 nm and vel 
provides , semiconductor ,ha. has a low defec. density 
( II, ) ami a lny.li breakdown lield sireinjlh <-|-, ,'■) ■ i,..", 
rciains ,,s quali.v during advanced processing, TT^presen. 
invention addre.sses this need. 

SUMMARY OF THE INVENTION 
I" address ,|,e abovediseussed deliciencies of the prior 
:m .he presen. itivemion provides a sciniconduclor and 
s>slems and methods of manufacture .hereof. One method 
includes the following grow-deposi.-grow s,eps: (1) Jrow 
>ng a hrst ox.de layer on the semico.Kluc.or substrate in a 
zone ol low pressure, (2) depositing a clielec.ric layer on .he 
hrst oxide layer .n the zone of low pressure, wherein the 
dielecinc layer has a substantial concentration of a hydrogen 
isotope therein and (4)growing a second oxide layer between 
ihe hist oxide layer and .he substrate in the /.one of low 
pressure. Ihe zone ol low pressure is created ,o retard the 

ga!wn'° n ri " C a ' Wh,Ch "' C Hn5 ' SeC ° nd 0X ' dc h y c ™ are 
ITie present invention therefore introduces the bro-id 
concept ol grow.ng ihe llrsl and second oxide layers under 
low pressure oxidizing condilicins lo retard their erowih 

Such relnrrLidnn nf ih*. .1 • =" 



about 950 milhTorr. In a more specific embodiment the 

Z 77 ' S , ab0m 900 mUliTorr duri "S lhe **P of grow „„ 
Ihe first and second oxide layers and about 400 milliTorr 
during the second step of depositing the dielectric layer 

' ,( I T cmbodin,eD ' of Present invention, a thickness 
or the firs, grown oxide layer is less than about 5.0 nm In 
a more spec.l.c cmbodimem of the present invention 
however, .he ihickness is about 1.0 nm. 

,U ™°, lt> " embodir "^' o{ the present invention, ihe 

deposited dielecinc layer is general*! from the decomposi! 
I on ol a deuleraled telraeihyl orlhosilicale ( "TEOS") or a 
deu.era,ed silane (SiD,) and has a Ihickness of abou, 1 5 nm 
n a more specific embodiment of the present invention, .he 
dnckness ranges rom abou, 1 nm ,o abou. 4.0 nm. The 
TEOS ,s preferably deposiled at a (low rate of 50 cubic 
centimeters per minute. 

In one ernbodimen. of the prescn. inven.ion. .be s.eps of 
growing and deposing arc performed a. a .empcra.urc thai 

» ^H tr ° m 6000 C 10 aboul 750 ° C - '» yet ano he 
embodiment, .he step of growing (he second oxide layer is 

P Z ,Zt«Z ,cn, P cralure "nging from about 800° C. to 

3DOUI JUOU C, 

In one embodiment of the present invention, Ihe slep of 

25 X)" 8 ' rr' ,rSl °fu C ,ilyUr lS l>UrlWd und " a P^urc 
o 900 mtU, lorr and .he oxygen has a How rate of 9 standard 
liters per minute. In ye. another embodiment, .be step of 
growing is performed under a nitrous oxide and nilrm-en 
cnvironmen, wherein lhe ni.rous oxide has a flow rate of 
n aboiii 1.72 standard liters per minute and Ihe nitrogen has a 
flow rate of about 0.75 standard liters per minuted attain 
hgh.-mtnda.ion, (1-5%) near .he interface be.wccn .he firs 
and second grown oxide layers. 
In anolher aspeel of Ihe present inven.ion, a semiconduc- 
s tor comprising of a substrate and having a stress- 
accxmmiodaling layer formed .herein is provided. The ga.e 
dielectric has a Ihickness less than 7.5 nm and comprises (1 ) 
a irs. grown oxide layer on ,he subs.ra.e .ha. was formed on 
at. exposed surfaccof. he subs.ra.e in a zone of low pressure 



Such retardation of lhe growth rate is necessary eiven the n\ -wi. •■ ■ ■ ■ "" " '" " '" ,t,w pressure, 
thmness and uniformity desired in the di e lec.ri7sub- vers * £ ion 7 , 'f^"* havil * 8 ^tanlial concen- 
">-'>->"■ ■ ' ' ' ■ csu °ia)ers ration ol a hydrogen .sotope incorporated therein and 

lormed over the (irs, grown oxide layer in the zone of low 
pressure and (3) a .second grown oxide layer formed between 
Ihe hrst oxide layer and the substrate that was formed in the 
zone ol low pressure. The zone of low pressure is crea.ed to 
retard a rate a, which the firs, and second oxide layers are 
grown. During this Ihird-slep of stacked oxide synthesis 
oxide growth occurs under a stress-modulaling condilion 
dT';^! r 9 *? bC ' W f Cn ,ht firsl e-wn and second 



m .M-l.-maun technologies. Addi.ionally, ,l,e presenl inven- 
" ,,n aho '. ,rtscn,s a *I«**lcd lay* thai has a subs,anlial 
concemraiion ol a hydrogen iso.ope, such as deuterium 
incorporated .herein, for purposes of .he prcsem invention 
mi ibsiannal wncx-niraiion" is defined as a conocn.ralion of 
J l leas. 10 cm - ol .he isotope of hydrogen relative lo 
n..n,.sr„op,c hydrogen. It is believed lha. ,he additional mass 
allows the deposiled layer to be deposiled m a slower and 



more con.rolled manner, thereby providing a Je Z lZ dToo-Trl . "* ,hC fi ' Sl 8r0Wn and sccond 

^ . is combined wST " ^^^fc 



a„»~ ■. j i i*,. h"" 1 ""*"^ « mure unnorm 

deposited layer. When .his advan.age is combined wi.h .he 
olher advamages obtained from growing the oxides under 
tow pressure, a semiconducor device havtng a uniformi.v 
and robuaness lha. are superior lo those found in the prior 
an is provided. H 

In one ernbodimen. of lhe presen. inven.ion. (he second 
grown oxide layer may have a thickness ofless than 10 nm 
or between aboul 0.5 nm and aboul 0.8 nm and may be 
grown ai a temperature exceeding 800° C. 

In one embodiment of Ihe presenl invention, Ihe steps of 
growing, depos.ung and growing are performed in a sinule 
vapor deposmon apparatus. T hai the method of the presenl 
■nvenlion may he performed in a single <-,ool" or "furnace" 
allows h,gh ra.es of production and greater process control, 
although, performance in a single ,ool is no, required 

In one cmhodimenl of the presenl invention, a pressure in 
me /one ol low pressure ranges from abou. 200 milliTorr lo 



Qi/c-n ■ r " i"—"" a,,u »ue»-iree suDs.rale 

bi/biO, interlace which can otherwise never be achieved bv 
conventional 1-stcp oxide growth. 

In one embodiment of this aspect of the present invention, 
"he hrst grown oxide, the second deposiled dielectric and the 
second grown oxide layers are formed on ,he subs.rale in a 
single low-pressure vapor deposition apparatus. As prcvi- 
ous y slated, this offers the advan.age of decrease produc.ion 
cycle ume and thus production cost. 

In one cmbodimem of this aspeel of the presenl inven.ion 
he second grown ox.de layer may be formed a. a lempera- 
ure exceeding abou. 800° C, and .he first oxide layer and 
the dielecinc layer may be grown in a temperature exceed- 
ing abou. 600° C. The .second grown oxide layer may have 
thickness that ranges from aboul 0.5 nm lo aboul 0 8 nm 
In one embodimen. of .his aspec. of .he presen. invention, 

irln "7,-r Clr ' C ' ayCr iS f0rmcd ,n a Pre^urc of about 

4(* mill, lorr in ihe zone of low pressure and may have a 
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formed from the decomposition of TEOS, wh£h pr£> J ISl^A^T^ ° xidc »^ " 

he hrst ox.de layer may have a ihickncss ofl ess lhan about ^ an overalJ thickness of 10.0 nm or greater such 

5.0 nm (preferably in the range of 1 .0 nm to 3.0 nm). h '&her pressures were very desirable to rapidly grow the first' 

lhe toregoing has outlined, rather broadly, preferred and and L s <*°nd oxide layers to minimize production cycle time 

alternate Icatures of the present invention so those skilled 10 W,lboul sacri ^»ng oxide uniformity and quality In the 

in the an may belter understand the detailed description of P resent invenli °n, however, such rapid growth is no lonaer 

Jhe invention that follows. Additional features of the invco- ^ S , irablc ^use the overall thickness of today's cate 

tion that are described hereinafter form the subject of the dicicc 'rics has decreased to ultrathin size, j.c less than 

claims of (he mvention. Those skilled in the art should a u boul 75 Dm - furthermore, it has been surprisingly found 

appreciate thai they can readily use the disclosed conception J5 lhat grOWm S lhe °«* ^yer 12 under low pressure, tvpicallv 

and specific embodiment as a basis for designing or modi- • 10 nm ~ 2:> nm > does n01 adversely affect the electrical or 

lying other structures for carrying out the same purposes of P h >' SIcaI Parties of the semiconductor, 'lb the contrary 

the present invention. Those skilled in the art should also bccause ol the ]ow P ressu ^ grow-deposii-grow scheme 

realize that such equivalent constructions do not depart from P^^ed by the present invention, the physical and electrical 

the spirit and scope of the invention in its broadest form 20 P ro P erlies > as w ^ as the overall quality, of the semicon 

For a more complete understanding of the present T*™ ^ a>nvemio^a, stacked «xide synthesis discussed in 
invention, reference is now made to the following descrip- i iIlco ^ oraled * 37( > Patent. Furthermore, ultrathin, uni- 
tes taken in conjunction with the a^^^^^ 25 , rm ° Xlde Iayers are now possible in a single furnace 
m which: b cluster step as provided by the present invention. 

fK,. 1 illustrates a: schematic representation of a structure convenlionaI processes, the oxide layer grows 

according ,o an advantageous cmUxlimem of 11,0 present "? S " eXlremel >' difficillt <° achieve a uniform, 

inveuiion; and n, S h quality, ultrathin gate dielectric that has an overall 

FIG. 2 illustrates a schematic graph of the thermal * [^^^ oI |^ about 7.5 nm. Moreover, the conven- 

pressure and flow rate history for an oxidation , scKe n' dW"^" 810 ^ ^ C ° nduUcd ilJ th ™ 

accordance wuh an advantageous embodiment the prese k^T trn^S " * M "* pWSSUre ™ 

invention. ^ Ke P' •"mospheric pressure or greater to i>row the thicker 

oxides and a third in which the pressure was sub- 

DETAILED DESCRIPTION 35 atmos P"eric to deposit the dielectric. In application of this 

Referring initially 10 1-1 G 1 there is illusir^rl , «,.„• ""TIT' gmwslerwsii.gmwpn**,*, the semiconductor 

malic representation of a s^t, 'm e cctd no o an 2 n" o" S ? * 2" almos P h ™ { "™<*' »™ Tansferred 

■ageous cmbodimen. of ,he ^^Tj%£ V^ltZ^^lX™ T^Tt ^ '° " 

embodiment, a subsiralc 10 is used .nil , 1 nm . ,1 s r pnenc m ™ L *- As well imagined, this three separate 

more advantageous embodiments, the pressures are at less In ,.„„i r .. ■ u ' 

lhan ahou. 2 Torr. In one .dv.ni.eeou, embodmTen ite J. 'u"™?' "* preSem invenlion P™*** » 

substrate 10 may be silicon and the oxkL l ye 2 m ' v e J5 £3 V ^ 12 ,0 be formed in a 

silicon dioxide (SiO.) .ha! is .henna £ ™ I on , L , , ""T '° ,mckjlesscs we » below the 3.0 nm 

subs,ra,e 10 ,o a .hickness .ha, may ra £ C abo u 1 LXo, " SUb - nlicn,n (e *" 025 n »<-™'*'«) 

«n ahou. 2.5 nm. However, i. wi/he appre^ted n Ik s^ B,r Mf lT' . UScful CM0S ant ' 

skilled in .he ar. .ha. o.her ma.erials p esen.lv use in L Whi^ L ^ ^ " leir e " hailccm «="' modules, 

manufacturer of semiconductor devices m y bTused or - 1 TT^t &f ° Wh 18 SOmeWha ' de P enden, 011 lhe 

material, latcr.le.erm.ned .obe uselu for su ch m'nuhc u e 1 '** is formed - flow «">««««on 
-nay also be used Moreover, i, is with" „ ,„c "2 1 i ^ T ' h 1( ,' eDlp,:ra,U , reS ^ ^ » P»« in the oxide 

presen. invention tha. .he c^ide layer 12 could a£ be I ' FUrlh 1 Crm0re ' ' he 8row-<leposit-grow scheme of the 

deposited, as long as it has a different de^ sS.ua ZZ Zl '^T* in 3 S1 ' nS ' e loW P ressure 

compared .o .he second deposited layer. £ Tim „ me ll ^l ^ 0XK,C la y cr 12 can be formed under 

mentioned alx>ve. it is desirable .ha, the oxide layer 12 be h^Tt Cnvironmcnl undcr ^ a dielectric 

thermally grown. V ^ a 7 yer ,s dc l>os.ted. I he con.rollcd growth of the oxide layer 

Depending on the particular embodiment, the low pres- guam^vm unff^- i™* ZT"^'"' ^ 
sure under which lhe oxide laver 12 k , m L „7 1 „ ? , ^ - y mform ,h " ;knes s. which is highlv desir- 

from ahoui 0 4 Torr m ahou 10 Tr^ ,„§ Z , Y U " l " U " n S ' aCkcd ° xidC § a,C forma,ic >n- 

may range f rom I " " C. ,o Ic u ^ .S'TTon" " ov^ *^ ^ ' ' S *° dfehc " ic lay6r 14 f — 
embodiment, the oxvgen flow may ^ J " V " ' ox,de la - Ver 12 " dkkclrfc layer 14 layer 

from abo,„ 5 sund:,'^ liters per minu. (sin T o „„ ^ ?"„ Y COm,, , M * ? l,S,an,ial eon « nl "'i°n of a hydro- 
slm. However, in an advantage^ embc^S he K '"'J f " deu " rium - addi,ion - lhc ««ielLic 

under which .he oxide laver 12 is grown under Vnre^re of « , Preferably an oxygen permeable film tha. is 

.bo.. 900 milliTorr and .he U^en-^v"^^ ? \TT' >?rV Mly * ^ 

aboul 600° C. lo about 7S0° C ' ( LS l,clicvcd that the hydrogen isotopc- 

con,aimn 8 dielectric layer of the present invenlion oilers 
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further advantages lhal cooperate with the above-discussed 
advantages to provide a semiconductor device that has 
improved structural properties and also improved electrical 
properties. Il is believed that the hydrogen isotope, which is 
incorporated into the dielectric layer 14 provides for a 
Mower and thus, more controlled deposition of the dielectric 
layer 14. It ,s speculated that the slower deposition rate is 
due to the larger mass of the hydrogen isotope as opposed to 
me lesser mass nonisotopic hydrogen. Il is further suggested 
hat this slower deposition rate produces a more uniform 
layer that has fewer structural defects than dielectric layers 
that are tormed wah nonisotopic hydrogen. As such, then the 
uniformity would provide further stress-reducing interfaces 
withm the semiconductor device, more specifically between 
the oxide layer 12 and the dielectric layer 14. Furthermore 
stud.es have indicated that when dielectrics are passivaied 
with hydrogen isotopes, such as deuterium, there is less 
electrical degradation within the device, thereby enhancing 
[he electrical properties of the -semiconductor device as well 
It is believed that the hydrogen isotope atoms are not as 
easily removed from the silicon atoms as is ordinary hydro- 
gen. As such, fewer dangling bonds are formed over the 
same period ot t.me, which can decrea.se the amount of 
degradation that occurs within the semiconductor device 
over a period of time. 

In one advantageous embodiment, the dielectric layer 14 3 
is deposited by the low pressure chemical vapor deposition 
decomposition of deuterated tetraethyl orthosilicate 
HOt 2 D )„ (or deuterated "TLOS") or the oxidation of 
deuterated silane SiD a in the presence of oxygen or nitrous , 
oxide (N O). While these two gases have specifically been * 
mentioned, ,t should be understood that other hvdroaen 
jsotupe mixtures of gases, such as SiD 4 , CO, and D., 
SiCI,H, and N.O ? S,'D, and N.O, SiD, and NO, Si(OC\H ) 
C I EOS' ) a SiD 4 and 0, or mixtures of anv these gases hi 
a more advantageous embodiment, however, the gas mixture 
includes Sip 4 and D : and is added into the dielectric layer 
14 during its deposition. Preferably, the gas includes less 
than 1 ppm of the nonisotopic hydrogen. The flow rate of the 
gaseous material will depend on the equipment used for 
depositions. These conditions combine to form a preferred 
deposition rate of the dielectric layer 14 of that may range 
from about 0.01 nm to about 10.0 nm per minuie. The 
interface between layers 12 and 14 is shown by the hori- 
zontal line 16. The deposition temperatures for the dielectric 
layer 14 may he in the same range as those stated above for 
the hrst grown ox.de layer 12. An exemplary pressure under 
which the dielectric layer 14 is deposited is about 400 
miliilorr. 

For reasons lhal are discussed below, not all combinations 
o| dielectric materials are useful because the deposited 
dielectric 14 must have different defect structures from layer 
12 to form the interface 16 and also 14 must be transparent 
to oxidizing species to anneal out the traps during the second 
growing step. For example, although the well-known * 
MU = — SijNj structure has a low defect density, it also has " 
a high density ot traps that cannot be reduced by annealing 
This structure is, therefore, not useful in the present 
invention, unless the nitride layer is completely consumed to 
torm silicon oxyniiride to make the layer semi transparent to fi 
oxidizing species. However, the thermally grown/deposited 
oxide structure of the present invention provides a low 
defect dens.ty as well as a deposited layer 14 that is 
transparent to an ambient oxidant and therefore, traps can be 
removed by annealing. 

Continuing to refer to FIG. 1, there is also illustrated a 
second grown oxide layer 18 formed between the substrate 



8 



35 



40 



10 and the oxide layer 12 during the third-step of synthesis 
In preferred embodiments, this third oxide layer 18 is also 
thermally grown. The manufacturing temperature used u, 
grow the ox.de layer 12 and deposit the dielectric layer 14 

5 r TS.^ ?!? m ,bom 650 ° C - 10 about 800° 

,. L 'J. 1,csc 't'nircralures provide a densification/ 

Z!.v ng .? X ' Zmg Slep ' Which - 35 ,he ,£ ™ ^ggests, both 
densities he existing oxide and deposited oxide dielectric 
layer 14. In addition, the new oxide layer 18 is grown under 
10 stress-modulated conditions provided by the interface 16 
resulting in a planar and stress-free substrate/oxide 18 
interlace that us critical to device performance and reliability 
In an advantageous embodiment, this anneal is conducted al 
ir^n"o P " atu ? lhal ma y ran S« from about 800° C. to aboui 

o about 10 Torr, with a preferred pressure during this phase 

at about 8M) f f ()r approximately one hour. The erowine 
oxidizing environment is a mixture of oxygen and nitrogen 

.» may have flow rates that range from about 0.5 slm to about 
-5 slm. In an exemplary embodiment, this procedure pro- 
duces an oxide layer with a thickness ranging from about 0 5 
nm , 0 about 0^8 nm. IHe thermally grow D g second grown 
oxide layer 18 lorms a planar and stress-free interface 
5 between the substrate 10 and the oxide layer 18 as it is grown 
under controlled stress modulation provided by the slress- 
accommodating interface 16 layer. The planar substrate/ 
dielectric interlace has desirable interfacial and electrical 
properties, furthermore, the formation of the second grown 
, ox!dc layer 18 provides a deuterated Si/SiO, interface with 
minimum roughness and stress gradient, bofh of which are 
highly desirable in sub-micron technologies for device per- 
tormance and reliability. ^ 

During annealing, oxide growth occurs as the oxidizing 
species diffuses through the existing oxide and then reacts 
with smcon a. the Si/SiO, interface. It has been found that 
he presence ot a defect within the oxides enhances the 
transport of the oxidant by diffusion; thai is, the defects 
provide paths lor the oxidant. The newly grown SiO, is 
structurally superior to any other oxides because the growth 
occurs under the stress accommodating conditions provided 
by the mtert.ee 16, which acts as a stress cushion. The 
interface 16 also acts as a defect sink and a barrier for the 
n ™uTi™cT' °'>*i"» environmental contaminant 
ions to the Si/SiO, interlace. The oxidation reactions during 
the densification anneal third slep produces a reduction in 
the number ol interface traps together with a simultaneous 
reduction m the Si/SiO, interface stress gradient, and rouch- 
ncss. & 



65 



In contrast, in a conventional Si^/SiO. structure Si* N 
> ts opaque to the diffusion of the oxidant. ^During the oxi- 
dizing anneal, the top of the Si 3 N 4 oxidizes to form silicon 
oxyniiride without any oxidant transport to the interface 
Ihus, the density of interface states remains unchanged after 
an oxidizing anneal. Moreover, because the Si^N 4 layer is 
relatively impervious to the divisional transport of the 
oxidizing species, there is very little reduction in the inter- 
lacial roughness and number of asperities as there is no 
interfacial oxidation reaction during the densification 
anneal. 

This concept of stacking can be achieved through varia- 
tions of the composition of (he materials that form the 
ox^hzed dielectric layers and the way in which they are 
tormed. For example, onto the grown deuterated SiO. layer 
a polysihcon layer may be deposited and oxidized or" a thin 
nitride layer may be completely oxidized to deposit laver 14 
Other variations will be readily apparent by those skilled in 
the an. 
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As illustrated in FIG 1 each lav^r h,- it-- 10 

d.clec.rics, the major contrilnMors ,J D a e T g " '^V™' 50 ^: (1) densification of layer 14. p) removal 

indue* defect dcasity and ,„c tmr! s c m L withT.'m 1'" 4 and rT ^ "r* ^ 16 .JE8 

ox.e e layer. Defect form a, energetically favored^ es such gene a.es a nuLXvo T -1 ? ° X ''* layer 18 lha ' 

as heerogenemes formed by local.W contaminants ion ^proadu^^ ~ ^ S ' 0; "l ,Crface - Fol!ow 'ng 'his phase of 

damaged areas and faulting on a silicon nucleabW Tltr 15 1™, r ' semicond «ctor is removed from the low 

because of retarded oxidation. nJZ^Z^ T, Eed t^'o' ^ l*?** ^ «" a '*>* 

pipes for i^™ y nV2!£ in:z:; fo T° s - ii ,s readi,y ««-■ - 

current paths, which would have substantial Ln^T 20 PmVlde * a B a,e dielectric and method of the 

device performance and reliability. S SiZem of I !T. ,f ™™ "J*"'™ ' hal indud « s.eps ) grow 

■hc.se defects, which is a d.rcct result of K^cl* "fne o L° nr " % '/* "•"^"uc.i substrate* in a 

grow-depos,, schcmc> fcdu P^sure / >ne ol Iw , „ess„re; ,) depositing a deutera.ed dielectric 

•hereby provides a high quality gate oxide. <" ,Urow t 1 la> ' er "' " ,C ZOnC of lovv P r ™; and 

. W„h respect u, dcnsi.y defects, it is kn , (W „ ,| nI s.ress 25 hveflnrit? ? oond . oxl * l»ween the firs, oxide 

incorporation in SiO. films is due o incn, 77 SMhan " e ln lhe /nne of low pnssire The /one 

of the v lS coelastic compel ve Ta^tf, ^ ° 7 ^l" r£ * 10 re,a ' d oxidLn rM««, A* 

jestst rs?-r hc ^ " ess* - oxidc wi,h hieh •** - - 

and procc^ng Ircqu'cmJy wwhln iSy* high su^vels cJLtfT Mw in,rod '«* s «* broad 

Ja. mduce the generation and propagation o d f c ls svXs nT^f? ^t"' k—deposi.-grow) oxide 
htrt,, - v '"^as,ng I'o.b the si* and densftv of defccN Tfe ^ .. g "" al scheduk - Such retards ion of 

mterlace made between two different dielec rfa sud t two n ,v X T « ivt11 "* "»™ess and unifor 

'W^-c.g.^ „ nX ' r " ' "^f f <" -b-micron teX 

the layer 14 and deposited oxide described wi.h r/-n ?. no,0 8 ,es - Tne resulting ullrathin slacked, SiO, structure hi.; 

HO. L The interface effectively LtLTfXl " ZZi^?™! ^ ^v*"' 31 P-P--.es v" £ 

by providing a disconunuity in the defec, s.n Jure synthesh if a H ^ ° f ' he P" 0r arl ' ™* ««vel 

interface « no. effective in reducing the effect defect 7^1 ^ hf ° Ugh the low P™*"* growing. 
cen S11 y ,f lhe dcfe , ls ,„ , he , W[) ^ ^^Je ^, epas g = n 8 of SiO, layers on siheon subsfratcs bv 

hey are no, misaligned and there is no discon.inu^ Ti & *° dcCS&S."^ low .P re «^ cbemicl vapo'r 
u '^highly advantageous (ha, the defects are misaliLed as' t.Ve v Th/ f * aml clcns '««<ion/oxida.ion, rcspec- 
w 'he present invention. rn.sali fe ned as t vely. The resultmg stacked oxides have ultra-low defect 

.hettrflHih F,G i «^« W ->bodimen, of Jto* ^ MeeBeDl a " d 

keepmg , n m.nd .ha. exemplary broader ranees have hoT™ ,t P ° o' 1 ' ^'""''y ^'''^ed possible only for 

previously discussed. Time I pLied hoi on^l Z d cm £,^Sh ^V'P 2 ''"'^ Moreover, , 1 

perature is plotted vertically. Both scales are n ^hi, i , ? t " ,C8e s,ackcd oxides of 'he Present invention 

uniL, -nteoxidanon cycle l»in.SlhX^ o/£S . S?i T*^ """'^ '° SeVCre ^ g 

ox.de layer 12 a, ,, wi,„ the insenion of the „ iaS d SnY mob^ ? bUS 'r eSS " due '° resisla "' '» hol-carrie 

s. .con walers under an atmosphere of 0, f, a fempera u « Si * ? de ^da.,on. with .he added advantages due 



ol 

preferably Mowed over the 



*■ pressure lurnace. The O, is addition m .h. . siacKco aielectnc, in 
- silicon sul K ,ra,c ai , nie ,h i r f t" ^f*" 0 ' P 11 ^ 1 »«! electrical prop- 
ranges from abou, 5 slm to about 25 slm In " „ ™ „ " ^"'^^ ^.^^^micc^ucioBpJSw 
: " lv; ' n, ^»»-" enihodiiiic,,,, ,hc flow ralc . 55 "Vf "J Cor P°r*.«d '307 patent. P 

rr%^ • n, , , '' mi ' ined ; " 90fl milliTorr, and .he semie-on Je^. COnduc,ed and disdos «' in lhe '307 

d..cnr (SO .s left under these conditions for abou, I U 2 "o , / ^ w » « aspect of 

gn.w a,, ox.de layer having a .hicknessof abou. (I S-'Tnm , W , ? Ve ? ,,0 °- resl,1,s fro ™ misaligning the 

AM.me^ the die.ec.ric layer 14 is then formed by disco " « ITT^ °" ler inI ™^.'ng defeas tvi.hh, h 
Unuing the How of 0 2 and commencing a flow of N 0 auhe t r fr0m »nnihilalion of defects during 

rate ol 1 .75 slm and a flow of N ; a, ,1k ra.e of 0 75 ^ T^e f^'^'dation by the defec, sink provided by "he 
emperature ls main.ained a. 650° C, bu, the »S de„o vTf" ^ ,herma,, y grown and LPTVD? 
dropped to about. 400 mijliTorr. Deutera.ed TEOsTiL cht? ° 2 ^ SU P erior Si ~^i0. in.erfacial 

duced ,n,o the furnace a, the rate of 50 cubic «mtaew££ « , t , h . arac,ens " cs f ^ stacked oxide are due to the excellen 
m.nu,e (cc/m,n.). The semiconductor is left „de 0,1 den ^T" ° f ^ SJ0 ^ 8 fOWn duri "8 low p^ssure 
conditions .or 0.5 hours to deposit a SiO, layer wh" ™ T^'"* con 

d.,,ons ,n the presence ol a strcss-accommoda.ing interface 
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'Si;',nl rth ^ m0re ' lh6re are °' her actional advanlaees a, 

J'S a ~ d with «» 

Sou d?Z£7^ S : bSt " Uli0nS and here n 

in SSes, TrnT ' hC SP ' nl 3nd 0f lhe -en,ion 

What is claimed is: 

zonTnH ° a " eXP0Sed Surface of said ^strafe toa 

a deposited oxide dielectric layer having a substantial 
concentratton of hydrogen isotope incor^ora ed tS 

leas, rbou.To- "''-a 0 " ° f Said ^ dro ^ n isoto^T " 
least about 10 cm 3 ; said dielectric layer formed over 
*a.d firs, oxtde layer in said 2 one of iL pZTl 



12 



20 



a stress-accommodating interface located between said 
dSecS y rand Iayer "* ^ *P-^oSg 

accommodating interface located ^ between sa.d fi^ 
about 1 nm to about 4 0 on? X " geS from 
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t 57 I ABSTRACT 

This invention includes a novel synthesis of a three-step 
process ot growing, depositing and growing Si0 2 under low 

and reliable gate o Xl des for sub 0.5 micron technologies. Ttis 
first layer, 1.0-3.0 nm is thermally grown for passivation of 
he Si-semiconductor surface. The second deposited layer 
1.O-5.0 nm forms an interface to with the first grown layer 
During the third step of the synthesis delineation of the 
deposited oxide layers occurs with a simultaneous removal 
of the interface traps at the interface and growth of a 
stress-modulated Si0 2 occurs at the Si/first grown layer 
interface in the presence of a stress-accommodating inter- 
lace layer resulting in a planar and stress-reduced Si/SiO 
interface. The entire synthesis is done under low-pressure 
(e.g. 0.2-10 1 Torr) for slowing down the oxidation kinetics 
to achieve ultrathin sublayers and may be done in a single 
low-pressure furnace by clustering all three steps. For light 
nitrogen-incorporation (<5%) for certain devices, offen 
required due to improved resistance to boron and other 
dopant diffusion and hot-carrier characteristics, N 2 0 or NO 
in the oxidant are used during each steps of the stacked oxide 
synthesis. Planar and stress-reduced Si/Si0 2 interface char- 
acteristics is a unique signature of stacked oxide that 
improves robustness of the gate oxide to ULSI processing 
resulting m reduced scalier in device parameters (e/ 
threshold voltage transconductance), mobility degradation 
and resistance to hot-carrier and Fowler-Nordheim stress. 

13 Claims, 1 Drawing Sheet 
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METHOD FOR FORMING A HIGH QUALITY 
ULTRAIHIN GATE OXIDE LAYER 

TECHNICAL FIELD OF THE INVENTION 
The present invention is directed, in general, to integrated 
circuit fabrication and, more specifically, to a system and 
method tor forming a uniform, ultraihin gate oxide layer on 
a semiconductor substrate. 

BACKGROUND OF THE INVENTION 
As metal-oxide-semiconductor ("MOS") technology con- 
tinues lo advance and the features of the MOS devices 
shrink, a scaling down in the vertical dimension of the 
devices typically occurs. Critical to the success of these 

devices is a reliable high-quality gate dielectric with a low „ , . r — wul(Ui uMrcmciy well in tcch- 

defect dens.ty (» IV) and a high breakdown field strength "°) 08ies where lhe semiconductor thickness is greater than 
{ I'm ) that retaias its quality during advanced processine ^ nm * LS not as applicable in technologies havine thick - 
As the overall ^Fth« 1 .. .. . =»' ihisshs lew ih>m i « -m... ■ . . 5 



10 



In addition, the stress within a Si0 2 layer, often accen- 
tuated by complex device geometries and processing, usu- 
aUy increases both the size and density of the micropores 
Ineretore, in developing thin dielectrics with ultra-low D 
not only should the initial D 0 be reduced, but also the local 
stress-gradients near the Si-SiO, interface should be 
reduced by providing a stress-accommodating layer, such as 
an interface (between grown and deposited layers) within 
the dielectric that acts as a stress cushion and defect sink. 
The above-mentioned problems become even more acute 

£»h „r,h- n ° { Jf™ s decre ^ «o sub-micron size 
with ultraihin gale dielectrics (e.g., l CS s than 7.5 nm) 
Unfortunately, however, the above -d iscus.se d conventional 
stacked-oxide process, which works extremely well in lech- 



As the overall size of the semiconductors get ultraihin (e e 
less than 7.5 nm), the quality of the oxide (e.g., SiO.) even 
under the best possible external growth conditions, islimited 
by the natural viscoelastic compressive stress generated in 
the Si0 2 at temperatures below 1000° C. and by the thermal 
expansion mismatch between silicon substrate and SiO, In 
present applications, a genuine lowering of the D in" the 
range of 0.05 to 0.5 enr* has been achieved. For example 
oxide/nitride or oxidc/nitride/oxide (ONO) structures can 
attain such low D 0 . TUe Si 3 N^i0 2 ^silicon nitride- 
silicon oxide ) interface, however, is invariably associated 
with a high density of interface states («Q ft ») that cannot be 
annealed out easily because the Si,N, layer is impervious lo 
diffusion of oxidizing species. These mulli-lavered dielec- 
incs are unsuitable as gate dielectrics in advanced comple- 
mentary nietal-oxide-semieonduclor ("CMOS") integrated 
circuits, because the interface states can cause chame- 
mduced shift in the threshold voltage and can reduce die 
channel conductance during operation. 

To overcome this problem, the concept of stacking ther- 
mally grown and chemical-vapor-deposited ("CVO") SiO 
structures has been proposed in U.S. Pal. No. 4 851 370 
("the '370 palem"), which is incorporated herein bv refer- 
ence lor all purposes. Here, the composite stack is synthe- 
sized by a 3-step grow-deposit-grow technique wherein the 
growing steps are conducted at pressures equal to or t-realer 
lhaii one atmosphere. The interface between the grown and 
deposited SiO, layers serves the same purpose as the inter- 4 
face in Si0 2 -Si 3 N, structures (i.e., it reduces the D bv 
misahgmng the defects across the interface) . Moreover" the 
interface traps in stacked oxide structures that can be 
removed easily by an oxidizing anneal, since the top depos- 
ited S,O a layer, unlike the Si,N 4 film, is transparent to « 
oxidizing species (i.e., it transports them by diffusion). This " 
stacking concept can be applied to any composite dielectric 
structure with similar results as long as the top deposited 
dielectric layer is transparent lo the oxidizing species. 

A lew major factors contributing to defects in conven- 
nonal thin-oxide gate dielectrics are growth-induced " 
micropores and intrinsic stress within the oxide layer The 
micropores are 1.0 nm to 2.5 nm in diameter, with an 
average separation of about 10.0 nm. Hie pores form at 
energetically lavored sites such as heterogeneities created bv m 
localized contaminants, ion-damaged areas, dislocation pile- 
ups and other defect areas on the silicon surface resulting 
from retarded oxidation in these sites. The pores grow 
outward as oxidation continues to consume silicon around 
(he pore. Rius, a network of micropores usuallv exists in o< 

I he micropore network forms potential short-circuit 
paths lor dillusional mass transport and for current leakage 



nesses less than 7.5 nm. The main reason for this is that in 
the conventional 3-slep stacked process, the SiO, is urown 
in pressures of one atmosphere or greater. In semiconductor 

- technoIog.es where the gate oxide thickness is 10 0 nm or 
greater, this particular condition is most advantageous 
because under such atmospheric pressure, the SiO. can be 
grown quite rapidly and one can grow the first grown layer 
(typically 3.5-7.5 nm) with good uniformity This rapid 

- growth ,s highly desirable, for it cuts down in manufacturing 
time, and thus, overall production costs. This same rapid 
growth, which is so advantageous in technologies with cate 
oxide thickness of 10.0 nm or greater is less desirable in 
sud-0.5 micron semiconductor technologies because the 
oxides grow too quickly, which makes thicknesses harder to 
control. As such, the oxide layers arc less uniform in 
thickness, which is unacceptable. 

Accordingly, what is needed in the art is a stacked-oxide 
(s process that provides semiconductors having thicknesses of 
less than 10.0 nm and, more advantageously less than 7 5 
nm, and yet provides a semiconductor that has a low defect 
density ("IV) and a high breakdown field strength ("F ") 
that retains its quality during advanced processing fte 
Q present invention addresses this need. 

SUMMARY OF HIE INVENTION 
To address the above-discussed deficiencies of the prior 
art, the present invention provides a semiconductor and 
. systems and methods of manufacture thereof. One method 
includes the following grow-deposit-grow steps: (1) grow- 
ing a first oxide layer on the semiconductor substrate in a 
zone of low pressure, (2) depositing a dielectric layer on lhe 
hrst oxide layer in the zone of low pressure and (3) crowinc 
a second oxide layer between the first oxide layer and the 
substrate in the zone of low pressure. The zone of low 
pressure is created to retard the oxidation rate at which the 
first and second oxide layers are grown. 

The present invention therefore introduces the broad 
concept of growing the first and second oxide layers under 
low pressure oxidizing conditions lo retard their growth 
Such retardation of the growth rate is necessary given the 
thinness and uniformity desired in the dielectric sub-layers 
in sub-micron technologies. 

In one embodiment of the present invention, the second 
grown oxide layer may have a thickness of less than 10 nm 
or between about 0.5 nm and about 0.8 nm and may be 
grown at a temperature exceeding 800° C. 

In one embodiment of the present invention, the steps of 
growing, depositing and growing are performed in a single 
vapor deposition equipment. That the method of the present 
invention may be performed in a single "tool" or "furnace" 
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allows high rates of production and greater process control 
although, performance in a single tool is not required. * 
In one embodiment of the present invention, a pressure in 

about QSO lTF eS T fangCS from ab ° UI 200 miJU Ibrr to 
about 950 milhTorr. In a more specific embodiment, the 

pressure is about 900 milli'Iorr during the step of growmg 
inc hrst and second oxide layers and about 400 milhTorr 
during the second step of depositing the dielectric layer 

In one embodiment of the present invention, a thickness 
ol the lirsl grown oxide layer is less than about 5.0 nm In 
a more specific embodimem of ihe presenl invention 
however, the thickness is about 3.0 nm, 

Tn another embodiment of the present invention, the 



In one embodiment of thus aspect of the pre*,,, invention 

1m ^ d,e,eC,nC laye ' " forn,ed in a P ress '" e of about' 
400 mill, lorr in the zone of low pressure and may have a 
thickness of about 10.5 nm. In ye. another aspect of this 
particular embodiment, the deposited dielectric layer is 
lormed from the decomposition of TEOS, which preferably 
dcjosilfon fatC 01 50 CUbi ° CCMimcicrs P cr minute during its 

In one embodiment of thus aspect of the present invention, 
the firs, oxide layer may have a thickness of less than about 
5.0 nm (preferably in the range of 1.0 nm to 3.0 nm). 

The foregoing has outlined, rather broadly, preferred and 
^f V !, fca,l,reS ° f lhe P resenl » that .hose 



deposited dielectric layer is generated from the decomnosi- <tWll,>rt ;„ .h„ i "~ t ""~'" '"*<;"»on so mat .dose 

Hon of te.rae.hyl or.hosilica.e("TEOS") and h«VSKs » it 1 ™ V ^ undcrstand «"C bailed descrip- 
„r , c._ . . v ..J* 00 nas a thickness lion of the .nvcntion thai follows. Additional features of lhe 



„r , . - , v ■ / onu lid.-, a inicKness 

ot about 1.5 nm. In a more specific embodiment of the 
present invention, the thickness ranges from about 1 nm to 
about 41 nm. Ihe TEOS is preferably deposited a. a How 
rate ot 50 cubic centimeters per minute. 

In one embodiment of the present invention, the steps of 
growing and depositing are performed a. a temperature hit 
ranges Iron, about 600° C. lo about 750° C. In vet another 
embedment, Ihe step of growing the second oxide layer is 
abouuSrc tC " lpCr: " Urc ra '^ in S fr ""> ^oul 800* C. to 

In one embodiment of the present invention, the step of 

nrZ'^ n'V^' layer is P 6rf °™«l "n"er a pressure 
of 9CKI m.ll, lorr and the oxygen has a flow rate of 9 standard 
liters per minute. In yet another embodimem, Ihe step of 
growing is performed under a nitrous oxide and nitrocen 
environment wherein ihe nitrous oxide has a flow rate of 
about 1.72 standard liters per minute and the nitrogen has a 
low rate ol about 0.75 standard liters per minute to at.ain 
l,g hl-mtridat.on. (1-5%) near ihe interface bciween the first 
and second grown oxide layers. ' ■ 

In another aspect of the present invention, a semiconduc- 
tor comprised of a substrate and having a stress- 
accommodating layer formed .herein is provided. The semi- 
conductor has a thickness less .han 7.5 nm and comprises: . 
( 1) a first grown oxide layer on the substrate that was formed 
on an exposed surface of the substrate in a zone of low 
pressure, (2) a deposited dielectric layer on the lirsl grown 
oxide layer that was formed over the first grown oxide layer 
n the zone ol low pressure and (3) a second grown ox dc , 
layer lormed between the firs, oxide layer and The substrate 
that was lormed in the zone of low pressure. The zone of low 
pressure is created to retard a rate at which the first and 
■second oxide layer; are grown. During this third-step of 
stacked ox.de synthesis oxide growth occurs under a stress- ,„ 
modulating condmon provided by the interlace between Ihe 
hrs. grown and see. .mi deposited layer generating a planar 
and stress-tree subslra.e Si/Sin. .'ni.^tw .„■.:..,. " ... 



invention will be described hereinafter that form the subject 
ol .he claims of .he invcnlion. Those skilled in the art should 
appreciate that they can readily u.se the disclosed conception 
, n and specific embodiment as a basis for designing or modi- 
fying other structures for carrying out the same purposes of 
lhe present invention. Those skilled in Ihe art should also 
realize that such equivalent constructions do not depart from 
•he spirit and scope of the invention in its broadest form. 

* BRIEF DESCRIPTION OF THE DRAWINGS 

For a more complete understanding of the present 
invention, reference is now made lo the following descrip- 
tions taken , n conjunction will, the accompanying drawing 

j in which: & ' 

FIG I illustrates a .schematic representation of a structure 
according to an advantageous embodiment of the present 
invention; and 

FIG. 2 illustrates a schematic graph of the thermal, 
pressure and flow rate history for an oxidation scheme in 
accordance with an advantageous embodiment of the present 
invention. 



and stress-free substrate Si/SiO, interface which can other- 
wise never be achieved by conventional I -step oxide 
gmwth. 1 

In one cmbodinicn. of .his aspect of the present invcnlion 
the first grown oxide, the second deposited dielectric and lhe' 
second grown oxide layers are formed on the substrate in a 
single low-pressure vapor deposition equipment. As previ- 
ous y slated, ihis oilers the advantage of decrease production 
cycle time and thus production cost. 

In one embodiment of this aspect of the present invention 
Ihe second grown oxide layer may be formed at a tempera- 
ture exceeding aboul 800° C, and the first oxide layer and 
the dielectric layer may fx grown in a temperature exceed- 
ing about «!<)• C. The second grown oxide layer may have 
thickness lhal ranges from aboul 0.5 nm lo about 0.8 nm. 



DETAILED DESCRIPTION 
Referring initially to FIG. 1, .here is illustrated a sche- 
matic representation of a structure according to an advan- 
tageous embodiment of .he presenl invention. In one such 
embodiment, a substrate 10 is used, and a 1 nm to 2 5 nm 
oxide layer 12 is formed on the substrate under a low 
pressure for example, a pressure of less than 10 Torr In 
more advantageous embodiments, the pressures are at less 
than about 2 lorr. In one advantageous embodiment, ,hc 
substrate 10 may be silicon and the oxide lavcr 12 may be 
silicon diox.de (SiO,) thai is thermally grown from , he 
JO substrate 10 to a thickness .ha. may range from abou, 1 1 
to about 2.5 nm. However, it will be appreciated by those 
skilled in the art lhal other materials presently used in Ihe 
manufacturer of semiconduclor devices may' be used or 
materials later-determined to be useful for sucb manufacture 
>s may also be used. Moreover, it is within the scope of the 
present invention that lhe oxide layer 12 could also be 
deposited as long as i. has a different defect structure 
compared to the second deposited layer. However, as jus. 
mentioned above, it is desirable that the oxide layer 12 be 
60 Ihermally grown. Depending on .he particular embodiment 
Ihe low pressure under which .he oxide layer 12 is K rown 
may range from about 0.4 Torr lo abou. 10 Torr and lhe 
temperature may range from about 350' C. to about 1000° 
<-.. In one embodiment, the oxygen How may be at a rate that 
65 ranges from abou. 5 sundard liters per minute (slm) to abou. 
slm. However, in an advantageous embodiment the 
pressure under which (he oxide lavcr 12 is grown under a 
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pressure of about 900 milliTorr and the temperature may 
range rrom about 600° C to about 750° C. 

h™/ 11 f ,hC °? idt layCf 12 Undcr low P rc&surc L<; * radical 
departu e from the conventional stacked oxide svnthesis in 
which the oxkIc layer is grown under a pressure of one 
atmosphere or greater. In conventional stacked oxides pres- 
sures ol one atmosphere or greater were necessary to grow 
the hrsi oxide layer because the substrate and oxide layers 
had an overall thickness of 10.0 nm or greater. As such 
higher pressures were very desirable to rapidly grow the first 
and second oxide layers to minimize production cycle time 
wuhout sacrificing oxide uniformity and quaiitv In the 
present invention, however, such rapid growth is no longer 
desirable because the overall thickness of today's semicon- 
ductors has decreased to ultrathin size, i.e., less than about 
7.5 nm. r-urihermore, it has been surprisingly found that 
growing the oxide layer 12 under low pressure typicallv 1 0 
nm-2.5 nm, does not adversely affect the electrical or 
physical properties of the semiconductor. To (he contrary 
because oi the low pressure grow-deposil-grow scheme' 
provided by the present invention, the physicafand electrical 
properties, as well as the overall quaiitv, of the semicon- 
ductors manufactured in accordance with the present 
invention, are believed to be equal to those manufactured 
under the conventional stacked oxide synthesis discussed in 
the incorporated '370 patent. Furthermore, ultrathin, uni- 
form oxide layers are now possible in a single furnace 
cluster step as provided by the present invention. 

Under conventional processes, the oxide laver wows 
rapidly, making ,i extremely difficult to achieve 'a uniform 
high quality, ultrathin semiconductor that has an overall 
thickness ol less than about 7.5 nm. Moreover, the conven- 
tional grow-deposit-grow process were conducted in three 
chrterent hi maces; two furnaces in which the pressure was 
kept at atmospheric pressure or greater to grow the thicker 
oxides and a third in which the pressure was sub- 
atmospheric to deposit the dielectric. In application of this 
conventual grow-deposit-grow process, the semiconductor 
was hrst placed in an atmospheric furnace, then transferred 
to a low pressure furnace and then transferred back to an . 
atmospheric furnace. As well imagined, this three separate * 
furnace operation increased cycle time and reduced 
throughput, which increased the overall cost of the semi- 
conductor device. 

In contrast, however, the present invention provides a 4 
process that allows the oxide layer 12 to be formed in a 
controlled manner to thicknesses well below the ^0 nm 
requ.rcd by today's sub-micron (e.g., 0.25 microns) 
technologies, which are particularly useful in CMOS and 
BiCMOS technologies and their enhancement modules 
While, the controlled growth is somewhat dependent on the 
pressures at which the oxide is formed, flow concentration 
and growth temperatures also play a pari in the oxide 
growth. Furthermore, the grow-deposit-grow scheme of the 
present invention can be conducted in a single low pressure 
duster furnace since the oxide layer 12 can be formed under 
uae same low pressure environment under which a dielectric 
layer is deposiicd. The controlled growth of the oxide layer 
12 provides a semiconductor having a ultrathin, yet high 
quality and very uniform thickness, which is highly desir- 
able in ultrathin slacked oxide gale formation. 

Also shown in FIG. 1 is the dielectric laver 14 formed 
over the oxide layer 12. This deposited oxide laver is 
prelerably an oxygen permeable film that is transparent to' 
0 2 species, and more preferably is silicon oxide (SiCM In 
one advantageous embodiment, the dielectric layer 14 is 
deposited by the low pressure chemical vapor deposition 



20 



50 



decomposition of tetraethyl orlhosilicate ("TEOS") or the 

oS M m ila £ ^ ^ pfCSCnCC ° f °*^n or nitrous 
oxide (N.O) The How rale ol material, which may be 

slm to about 5 slm. I^ese conditions combine to form a 
preferred deposition rale of the dielectric layer that mav 
range from about 0.01 nm to about 10.0 nm per minute. The 
mterface betvveen the* layers 12 and 14 is shown by (he 
horizontal line 16. The deposition temperatures for the 

above for the hrst grown oxide layer 12. An exemplary 

^^ImSt ,he dieIeclric layer 14 is « * 

For reasons that are discussed below, not all combinations 
of dielectnc materials are useful becau.se the deposited 
die ec r.c 14 must have different defect structures from layer 
12 to form thc interlace 16 and also 14 must be transparent 
lo oxidizing species to anneal out the (raps during the second 
growing step. For example, although the well known SiO.- 
S13N, structure has a low defect density, it also has a high 
density ol traps that cannot be reduced by annealing. l4 

unless the nitride layer is completely consumed to form 
silicon oxymtnde to make the layer semitransparent to 
° X1 f ao S s P ecies ' However, the thermally grown/deposited 
oxide structure of the present invention provides^ low 
delect density as well as a deposited layer 14 that is 
transparent to oxidant ambient and therefore, traps can be 
removed by annealing. 
f> Continuing to refer to FIG. 1, there is also illustrated a 
second grown oxide layer 18 formed between the substrate 
10 and the oxide layer 12 during the third-step of synthesis. 
In preferred embodiments, this third oxide layer 18 is also 
thermally grown. The manufacturing temperature used to 
; grow the oxxdc layer 12 and deposit thc dielectric layer 14 

r *T ab0Ul 65 °° C 10 hciwccn about 800° 

c.-iuuu C. Ihese temperatures provide a densification/ 
annealing oxidizing step, which, as the term suggests, both 
densities the existing oxide and deposited oxide dielectric 
layer 14. [n addition, the new oxide layer 18 is grown under 
stress-modulated conditions provided by the interface 16 
resulting in a planar and stress-free substrate/oxide (18) 
interlace that is critical to device performance and reliability 
In an advantageous embodiment, this anneal is conducted at 

imno P A ratlJrC Ulat may ranse ffom abouI 800 ° C t° about 
1000 C and a pressure (hat may range from about 0 4 Torr 

° arv\ ^5 Wlth 3 prererred ^ sure duri "S Phase 
at about 850 C for approximately one hour. The growing 
oxidizing environment is a mixture of oxygen and nitrogen 
or nitrous oxide and nitrogen. The oxygen or nitrous oxide 
may have flow rates that range from about 0.5 slm to about 
-> slm. In an exemplary embodiment, this procedure pro- 
duces an oxide layer with a thickness ranging from about 0 5 
nm to about 0.8 nm. Hie thermally grown second grown 
oxide layer 18 forms a planar and sircss-frcc interne 
bet ween the substrate 10 and the oxide layer 18 as it is grown 
under controlled stress modulation provided by the slress- 
accommodatmg interface 16 layer. 'IT* planar substrate/ 
dielectric interface has desirable interfacial and electrical 
properties, l urlhermore, the formation of the second grown 
oxide layer 18 provides an Si/SiO, interface with minimum 
roughness and stress gradient, both of which are highly 
desirable in sub-micron technologies for device perfor- 
mance and reliability. 

During annealing, oxide growth occurs as thc oxidizing 
species diffuses through the existing oxide and then reacts 
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Provide paihs for the oxidim i ' " dekc,s 

structurally suncrior ih,„ f u nCW ' y 8 rown Si0 - » 
growth occu^S ° ,hCr ° X,d <* 

provided by ,he intf c ^ ^ ac « ,, "» ,0 " i "'»8 conditions 
The interface 6 alio am , H ^ 4 S,ress cushi °«- 

oxidized dielectric lave™ , n H th nais inaI kM ™ (he 

amorphous SiO, structures m-,v h • ClS for 

change ofloc-dord-r I , V ** m,cro l*"*s. sudden 
'he inVrporat d , 7 ( 'J So. "r.- ' C : AS , U ?* KK ' od *™ 
-erfa deduces U^l £ ^ Jg» " * Ji" «* 

ofihJ v.sc^aMie con™ " C 10 ,ncon 'P ,e " relaxation 
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pcraturc U StSlv Both 'T^ 1 ^ " K » ^ 
-nils. •IteoSd.tfan c SSL^J^S* afC ? 
oxide layer 12 al t with L 8 be growth of ,he 

silicon wafers ,X n ItnT? 0 " °i ,he P re -^'e cleaned 
of about 650° C in,,, t ^ ° f °= 31 a 'emperature 
preferably flowed over „ ™, ET^ Th < ° 2 " 

ra r froin aboul tx^sr,:??*' 

advantageous embodiment, .he flow „, e 9 ", in T 
pressure is maintained al Qnri m tr-r f l,n - 1,16 
ductor (Si) is left under ,h ' a " d ,he Semico »" 

'empera.ure is maintained a, 6W r 1,1, ^ ^ 
dropped to about 4(X) miUiTorr WOS k , k 
> furnace at the rale of ' «i '"'roduced ,nto ihe 

(cc/min.). ' 50 CUb,t ' per minute 

nJJ^j^",!? u,id r ,h r 

nm Al time ^ ,° 2 . , 1 ? yCT . w,,b 11 ""ckness of about 1 S 

'4)^U,o^W^^S^? d8( ll ,,,tn, 12 

grown oxide laver IS T, , le J" arK ' S r "w Ihe second 

dt-scontmued and either a flow of 0 or N o : ,S 

a> . rate of 9 slm under a presLre o(Z ^vt COm ™ nCt(i 
is continued for abou, o^?*™ ^™ 

layer 14?P) removal' afZ '7™ ^ {l) "^".ion of 

« liwccn' {airi 2 Id Tand nr & T ""^ 16 

oxide lavnr' itt .u . (3) growth of a strcss-frcc 

second oxide layer berween .h^ , ^ } gr0Wln » a 
subsira.e in the /on L 0X ' dc la y cr a " d 'he 

achieved ^ tlUi " ll - V and «»"««*» «n be 

'Hie present invention therefore introduces ih, h . 
concept of low nressure «t n ,.i- i / m[ " Ml "-^ '«« broad 
•synthesis in a ^ ferow-deposi.-grow) oxide 
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synthesis is achieved through the low nr e «„r, • 10 

deposited S,0 2 layers. Tbe superior Si-SiO intS , h, ? me,h ° d M reciled in clai <" 7 wherein saic TFo<! 
characteristics of the stacked oL™ e L to 1 S " 9 ^ 1^ ab ° U ' 5 ° CUb, ' C 

What is claimed is: 35 JA^T^ " $ recited in claim 1 where « said growine 

•si-assi- 'sbS13S«? 
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